Glioblastoma multiforme (GBM) is the most common and aggressive primary brain cancer, with a median survival of less than 2 years after diagnosis. The tumor microenvironment plays a critical role in tumor invasion and progression. Microglia and infiltrating macrophages are the most abundant immune cells in the tumor. In the present study, we demonstrate that systemic propentofylline (PPF), an atypical methylxanthine with central nervous system (CNS) glial modulating and anti-inflammatory actions, significantly decreased tumor growth in a CNS-1 rat model of GBM by targeting microglia and not tumor cells. Rats received tumor injections of 1 3 10 5 CNS-1 cells in the right striatum with daily intraperitonial injections of PPF (50 mg/kg) or saline beginning the day of tumor injection. PPF did not cause apoptosis or decrease proliferation of CNS-1 tumor cells. Furthermore, we demonstrate, using in vitro methods, that PPF decreased microglial migration toward CNS-1 tumor cells and decreased MMP-9 expression. The effects of PPF were shown to be specific to microglia and not peripheral macrophages. These results support a differential functional role of resident microglia and infiltrating macrophages in the brain tumor environment. Our data highlight microglia as a crucial target for future therapeutic development and present PPF as a possible drug for treatment of human GBM.
G lioblastoma multiforme (GBM; high-grade or World Health Organization [WHO] grade IV glioma) is the most common and aggressive primary brain cancer, with a median survival of less than 2 years after diagnosis. 1 Glioblastomas are histologically heterogeneous tumors derived from glia. 2 Current treatment focuses on surgical resection, chemotherapy, and radiation. 3 None of these therapies are curative or without possible devastating adverse effects, such as neurocognitive deficits and radiation necrosis. 4 These therapeutic modalities are ultimately ineffective because of the radioresistance and infiltrative capacity of glioma cells, resulting in high recurrence rates. 5 In the past few years, several phase II clinical trials have focused on single targeted agents (i.e., epithelial growth factor receptor and vascular endothelial growth factor), which have proven to be ineffective. 6, 7 Because of the highly aggressive nature and lack of effective treatment options for GBM, the development of alternative, novel therapies beyond traditional tumor oncogenic pathways is warranted.
The tumor microenvironment plays a critical role in tumor initiation, invasion, and progression. Once thought to play an antitumor role against established tumors, microglia (central nervous system [CNS] cells of monocytic lineage) are now known to contribute to GBM's progression and growth. 8 Microglia and macrophages are highly abundant in GBM, compared with normal brain, and provide 10%-34% of the tumor mass. 9 Research suggests a direct positive correlation between the number of macrophages and microglia and the grade of the tumor. 9 Microglia and macrophages have been shown to promote GBM cell growth and invasion in vitro. 10, 11 Mice depleted of both microglia and macrophages (in ex vivo brain slices) demonstrate significantly slower GBM tumor growth. 11 Macrophages and microglia share the same immune surface markers; thus, it is not possible to differentiate these cell populations easily. As a result, the current literature has rarely distinguished peripheral infiltrating macrophages from resident microglia when studying the role of immune cells in the GBM tumor microenvironment.
Microglia and macrophages secrete a variety of mediators that promote tumor growth and invasion. They also provide the main source of tumor-promoting molecules, such as matrix metalloproteinases (MMPs). 12 -14 The MMP family consists of more than 25 structurally related, zinc-dependent endopeptidases, with MMP-2 and MMP-9 considered to be the key enzymes involved in glioma invasion. 15, 16 MMP-9 expression, in particular, has been shown to correlate with high malignant progression of the disease. 14, 17 The importance of targeting the MMP family has not gone unrecognized, and several MMP inhibitors have been developed. 18, 19 Unfortunately, clinical development of MMP inhibitor drugs has been very problematic, with severe musculoskeletal toxicities and lack of efficacy. 20 Our studies are directed to better understanding the relationship between microglia, macrophages, and tumor cells to identify alternative, safer, more effective therapies.
Propentofylline (PPF) is an atypical synthetic methylxanthine (1-[50-oxohexyl]-3-methyl-7-propylxanthine). PPF has been studied extensively in several CNS disease models, including stroke, opioid tolerance, and acute and chronic pain. 21 Clinically, PPF has demonstrated efficacy in degenerative and vascular dementia and as an adjuvant treatment for schizophrenia. 22, 23 An important clinical feature of PPF is its minimal adverse effect profile, demonstrated in multiple clinical trials. 21 Known mechanisms include inhibition of cyclic AMP (cAMP) and cyclic GMP phosphodiesterases and action as a weak antagonist of the adenosine A1 receptor. 24, 25 More generally, PPF is a glial modulator with direct actions on microglia. PPF dose dependently decreases microglial proliferation and expression of inflammatory cytokines in response to lipopolysaccharide (LPS) stimulation in vitro (tumor necrosis factor-a [TNF-a], interleukin-1b [IL-1b], interleukin-6 [IL-6]). 26, 27 In the present study, we investigated whether systemic PPF decreased in vivo brain tumor growth with use of the CNS-1 rat model of GBM. In addition, we explored the differential role of microglia and macrophages in the tumor microenvironment with use of in vitro cell culture methods. CNS-1 cells were chosen for their fast growth rate, invasiveness, and histological similarities to human GBM. 28 In addition, the absence of strong immunogenicity in the CNS using a syngeneic rodent model offers an excellent system to study the tumor immune microenvironment. 29 Here, we show that propentofylline decreases CNS-1 tumor growth by specifically targeting microglia. These data also support a differential functional role of resident microglia and infiltrating macrophages in the brain tumor microenvironment.
Materials and Methods

Clinical Samples
Following review by the Dartmouth College Committee for the Protection of Human Subjects it was determined that further institutional review board review was not required, because the identity of the human subjects were not easily ascertainable. All samples from patients undergoing tumor resection for GBM were determined to be astrocytoma WHO grade IV. Histopathologic diagnosis was assessed under standard light-microscopic evaluation of the sections stained with hematoxylin and eosin stain, based on the WHO criteria for tumors of the CNS. All of the tumor tissues were obtained at primary resection, and none of the patients had been subjected to chemotherapy or radiation therapy before resection. Tissue samples were obtained at the time of surgery and immediately washed with phosphate-buffered saline (PBS). Meninges and large blood vessels were removed, and tissue was incubated with trypsin/EDTA (Mediatech) for 15 min at 378C. The supernatant was then replaced with DMEM (Mediatech) supplemented with 10% fetal bovine serum (FBS; Hyclone), 1.1% GlutaMax (Invitrogen), and 1% penicillin/streptomycin (100 U/mL penicillin, 100 mg/mL streptomycin; Mediatech) containing 2000 units DNase (Sigma). The tissue was mechanically disrupted by titration, the cell suspensions were centrifuged, and the cells were resuspended in media without DNase. A small aliquot of cells was stained with trypan blue exclusion for counting; then cells were plated at 1 × 10 6 cells per 75 cm 2 flask. Cultures were maintained at 378C with 5% CO 2 , and media was changed every 3 -4 days.
Immunocytochemistry
Human glioma cultures were plated onto sterile 18-mm glass coverslips. After 3 washes in PBS, cells were permeabilized in 5% glacial acetic acid/95% ethanol (acid-alcohol) for 10 min. After washing, cells were incubated in a 1% normal goat serum for 30 min and then 1 h at room temperature in primary mouse anti-GFAP (1:500; Sigma), rabbit anti-MMP-9 (1:500; Affinity BioReagents), and rat anti-CDllb (1:500; Abcam). The following day, cells were washed and then incubated for 2 h at room temperature with goat anti-mouse Alexa Fluor-555, goat anti-rat Alexa Fluor-488, or goat anti-rabbit Alexa Fluor-647 (all at 1:250). Finally, cells were postfixed in acid-alcohol and mounted with Vectashield (Vector Labs) containing 4 ′ ,6-diamidino-2-phenylindole dihydrochloride hydrate (Sigma) to visualize cell nuclei. The sections were examined with an Olympus fluorescence microscope, and images were captured with a Q-Fire cooled camera (Olympus). Confocal microscopy was also performed using a Zeiss LSM 510 Meta confocal microscope (Carl Zeiss AG; Englert Cell Analysis Laboratory, Dartmouth). Merged color images were processed using Adobe Photoshop, version 7.0 (Adobe Systems). Color labeling was changed for visualization purposes during image processing (red ¼ CDllb, green ¼ MMP-9, blue ¼ GFAP).
Animals and Cell Lines
This work was approved by the Dartmouth College Institutional Animal Care and Use Committee (IACUC protocol 05-07-09). We used adult male Lewis rats (250-300 g) for all animal studies (Harlan Laboratories). For tumor cell studies, we used the CNS-1 cell line, a rat glioma cell line (generously donated by Dr. William F. Hickey, Dartmouth Medical School, Hanover, NH). The cell line has been tested within the past year through verification of GFAP expression with immunohistochemistry.
Tumor Injection
Tumor injection was conducted as previously described. 30 For intracranial tumor cell injections, animals were anesthetized with isofluorane and placed in a stereotactic frame. A burr hole in the skull was made with an 18-gauge needle 3 mm to the right of and 1 mm anterior to the bregma. A 10-mL Hamilton syringe was connected to the manipulating arm of a stereotactic frame. A 4-mL volume containing 1 × 10 5 CNS-1 cells was injected 5.5 mm from the parenchymal surface. After injection, the needle was left in place for 2 min to prevent cell reflux. For subcutaneous tumor studies, rats were anesthetized with isofluorane, and a 200-mL volume of sterile PBS (Mediatech) with 1 × 10 5 CNS-1 tumor cells was injected into the right flank. Animals were euthanized at various times following tumor cell injection. Intracranial tumor volumes were measured using MRI. Flank tumors were measured with calipers and volumes calculated using the expression 1/2 (D1 × D2 × D3). 31 For survival studies, rats were euthanized when they began to experience difficulties in ambulating, eating, or drinking, as indicated by our IACUC protocol.
MRI
MRI was performed on all animals at days 4, 8, 11, and 14 following tumor implantation using a 3.0-Tesla clinical MRI scanner (Philips Healthcare) and a 70-mm diameter transmit/receive solenoid MRI rodent coil (Philips Research Europe). T2-weighted turbo spin-echo (T2W-TSE) (TR, 3000 ms; TE, 80 ms; matrix size, 256 × 256; slice thickness, 1 mm) and T1-weighted TSE (T1W-TSE) before and immediately after gadolinium intravenous injection images of the whole brain (TR, 434 ms; TE, 20 ms; matrix size, 256 × 256; slice thickness, 1 mm; 0.10 mL gadopentatate dimeglumine [Magnevist, Bayer HealthCare Pharmaceuticals]) were acquired. Subtraction images were obtained by subtracting the baseline, pregadolinium injection T1W images from the contrast-enhanced, postgadolinium injection T1W images.
Image Analysis
Tumor size was evaluated using Mimics image analysis software (Materialise) as previously described. 32 The tumor region of interest was identified by applying a mask with a minimum intensity threshold in each coronal plane. Manual correction was performed to improve the accuracy of the automated masking. Tumor volumes were calculated in Mimics by summing the number of voxels that exceeded the intensity threshold in each plane on the T1W subtraction images and then multiplying by the appropriate spatial scaling factor (0.35 × 0.35 × 1.00 mm per voxel). Least-squares nonlinear regression analyses were performed to compare the rate of tumor growth between groups. In animals for which MRI data were acquired on at least 3 different days, tumor volumes were fit using an exponential model of the form V ¼ Ae kt , where A and k are constant parameters and t is the number of days after implantation. Tumor volume doubling time T 1/2 was then calculated for each animal using the equation
Cell Culture
Highly purified microglial cultures were prepared as previously described. 33 In brief, cortices were harvested from postnatal day 2 -3 (P2 -P3) Lewis rat pups, minced and incubated with Trypsin/EDTA (Mediatech). The supernatant was then replaced with DMEM (Mediatech) supplemented with 10% fetal bovine serum (Hyclone), 1.1% GlutaMax (Invitrogen), and 1% penicillin/streptomycin (100 U/mL penicillin, 100 mg/mL streptomycin; Mediatech) containing 2000 units DNase (Sigma). The tissue was mechanically disrupted by titration, the cell suspensions were centrifuged, and the cells were resuspended in media without DNase. A small aliquot of cells was stained for trypan blue exclusion for counting; then cells were plated at 1 × 10 6 cells per 75 cm 2 flask. Cultures were maintained at 378C with 5% CO 2 , and media was changed every 3-4 days. After 10 days in vitro, microglia were harvested by gently shaking the flasks by hand for 1 min. The resulting cells were found to be more than 98% microglia by staining with CR3/CD11b antibody (a generous gift from Dr. William F. Hickey). Cells were used immediately for migration and Matrigel invasion experiments. Peripheral macrophages were obtained from peritoneal lavage of adult rats. In brief, 10 mL of cold PBS (Mediatech) was injected into the rat peritoneum, the stomach was massaged, and fluid was subsequently removed. Cells were centrifuged, and pellets were resuspended in complete media. Resuspended cells were plated in a 75-mm 2 flask and then washed the next day, leaving adherent macrophages on the flask. The resulting cells were found to be more than 98% macrophages by staining with CD11b antibody (mouse mAb clone WT.5; BD) as described by the manufacturer.
Migration
The optimal experimental procedures for microglial migration in Costar Transwell plates have been previously reported. 33, 34 Cell migration was studied using Costar Transwell plates (6.5-mm diameter insert, 8.0 mm pore size, polycarbonate membrane; Corning). In brief, CNS-1 cells were plated at a density of 3 × 10 5 cells per 500 mL in the bottom wells 3 days prior to the migration experiment. Microglia, macrophages, or CNS-1 tumor cells were harvested as described above, counted, and resuspended in serum-free media at 1 × 10 5 cells per 100 mL, placed in siliconized low-adhesion microcentrifuge tubes, and treated with PPF (0.01 -100 mM) for 2 h. Pyridoxal phosphate-6-azo(benzene-2,4-disulfonic acid) tetrasodium salt hydrate (Sigma) was used as a positive control for inhibition of CNS-1 migration toward ADP. Cells were counted after treatment with trypan blue to verify survival (.99% viability) and then added (1 × 10 5 cells per 100 mL) to the top chamber of a transwell plate with (1) fibronectin-coated membranes and 500 mL CNS-1 cells in the bottom well or (2) 500 mL of 10 mM ADP in the bottom well. After a 2-h incubation, any cells remaining on top of the membrane were washed. The membranes were rinsed with PBS, and the migrated cells were fixed with 2% formaldehyde in PBS, permeabilized with 0.01% Triton X-100 (Sigma) in PBS, stained with crystal violet (Sigma), and rinsed twice with dH 2 O. The membranes were then dried, inverted, and mounted on microscope slides for analysis. Images of 10 random fields (20× magnification) for each membrane were captured at room temperature via a Q-Fire cooled CCD camera attached to an Olympus microscope and counted by hand with the aid of SigmaScan Pro imaging analysis software (SigmaScan). Counts from all 10 fields were averaged to give a mean cell count for each membrane. All experiments were performed at least 3 times with n ¼ 3 per trial. Results are expressed as mean cell migration relative to vehicle control + standard deviation (SD).
Invasion
Matrigel Matrix BD Bioscience was thawed overnight at 48C and then diluted with ice-cold dH 2 0 for a final concentration of 0.125 mg/mL. A total of 40 mL of diluted matrigel was added to the top chamber of each well in a Costar Transwell plate (6.5 mm diameter insert, 8.0 mm pore size, polycarbonate membrane; Corning). The plates were left at 378C overnight, allowing the matrigel to harden and form a barrier. CNS-1 cells were plated at a density of 3 × 10 4 per 500 mL/well in the bottom wells 3 days prior to the invasion experiment. Microglia or macrophages were harvested as described above, counted, and resuspended in serum-free media at 3 × 10 5 cells per 100 mL, placed in siliconized low-adhesion microcentrifuge tubes, and treated with PPF (0.01 mM -100 mM) for 2 h. An MMP-2/MMP-9 inhibitor (100 mM) was used as a positive control for inhibition of CNS-1 invasion (Calbiochem). Cells were counted after treatment with trypan blue to verify survival (.99% viability), then added (3 × 10 5 cells in 100 mL) to the top chamber of a transwell plate, with 500 mL CNS-1 cells in the bottom well. After a 2-h incubation, any cells remaining on top of the membrane were washed. The membranes were then rinsed with PBS, and the migrated cells were fixed with methanol and stained with crystal violet and rinsed twice with dH 2 O. The membranes were then dried, inverted, and mounted on microscope slides for analysis. Images of 10 random fields (20× objective) for each membrane were captured via a Q-Fire cooled CCD camera attached to an Olympus microscope and counted by hand with the aid of SigmaScan Pro imaging analysis software. Counts for all 10 fields were averaged to give a mean cell count for each membrane. All experiments were performed at least 3 times with n ¼ 3 per trial. Results are expressed as mean cell migration relative to vehicle control + SD.
Flow Cytometry
Tumor cells were first labeled with 10 mM carboxyfluorescein succinimidyl ester (CFSE; Sigma) at a concentration of 3 × 10 5 cells per 1000 mL of PBS at 378C for 10 min. CNS-1 tumor cells were then incubated at 378C in 24-well plates (Falcon) and, at various times, were treated with PPF (0.1 mM -100 mM). For FACS staining, cells were trypsinized, washed, and stained on ice in PBS for 30 min. Fc receptors were blocked using FBS for 15 min before staining. For apoptosis, an Annexin V FITC and PI apoptosis kit was used for staining (eBioscience). All flow cytometry experiments were performed on a FACSCanto (BD Bioscience).
Western Blot Analysis
CNS-1 cells, microglia, macrophages, or a 1:1 (CNS-1:microglia/macrophages) coculture of cells was plated at a cell density of 8 × 10 4 cells/well in a 12-well plate (Falcon) and treated daily with PPF (0.1 mM -100 mM). The protein in the supernatant was then quantified using the Lowry method (DC Assay; Bio-Rad). Protein (40 mg) and a standard marker were subjected to SDS-PAGE (10% gels; Bio-Rad), transferred to PVDF membranes (Bio-Rad), and blocked with 5% milk in TBS-Tween 20 (0.05%; Sigma). The membranes were probed with rabbit anti-MMP-9 (1:500; AbCam), rabbit anti-PARP (1:1000; Cell Signaling), and primary antibody for 16 h at 48C. Membranes were washed 3 times, then incubated with goat anti-rabbit HRP-conjugated secondary antibody for 1 h at 228C. Visualization was done with SuperSignal West Femto Maximum Sensitivity Substrate (Pierce) for 5 min and imaged using the Syngene G-Box (Synoptics). In brief, for cell supernatant, intensity and size of the bands was calculated using analysis software provided by Syngene G-Box. Cellular suspensions were analyzed by stripping membranes and reprobing them with mouse monoclonal anti-b-actin primary antibody (1:1000; Abcam). Band intensities were quantified using the analysis software provided with the Syngene G-Box. The relative intensity of bands was divided by the intensity of the b-actin band and then compared with control. Data are expressed as fold change in band intensity normalized to naive control + SD.
Gelatin Zymography
Activity of gelatinase MMP-9 was analyzed with the gelatin zymography procedure described previously, using 1% gelatin. 35 After electrophoresis, gel was washed and stained with 0.5% Coomassie blue solution for 30 min.
The gel was then destained in 10% isoproponol and 10% acetic acid to elucidate bands. The correct MMP-9 band was determined by molecular weight. Visualization was imaged using the Syngene G-Box.
Statistical Analysis
All values are expressed as mean + SD. Statistical analyses were performed with GraphPad Prism 4 (GraphPad Software), with the significance level set at P , .05. Two-way ANOVA analyses were used for tumor volume changes over time with a Bonferroni post-hoc analysis. One-way ANOVA with Dunnet's post-hoc analysis was used for all migration and invasion experiments.
Results
Propentofylline Decreases CNS-1 Tumor Volume In Vivo
With the knowledge that PPF affects glial function, we investigated the effects of PPF on the growth of CNS-1 cells, a glial-derived brain tumor in a rat model. Lewis rats received tumor injections of 1 × 10 5 CNS-1 cells in the right striatum with daily intraperitoneal injections of PPF (50 mg/kg) or saline beginning the day of tumor injection. 36 PPF treatment resulted in a significant decrease (P , .05) in tumor volume, compared with the saline-treated group at day 14 (Fig. 1A) . Tumor volume remained significantly smaller (88% average reduction from saline on day 14). More than 60% of PPF-treated rats never developed a detectable tumor as measured by MRI. PPF treatment for 14 days also resulted in increased survival (P , .05), compared with saline-treated rats (Fig. 1B) . When PPF treatment ceased at day 14, the tumors continued to grow and animals were eventually euthanized because of symptoms associated with tumor burden (difficulties eating and drinking). Consistent with human GBM, CNS-1 tumors in the saline group demonstrated an infiltrative, spreading phenotype (Fig. 1C and D) . Of importance, in the PPF-treated group, tumor volumes were not only significantly smaller, but remained intact without evidence of dispersal (Fig. 1C) .
Propentofylline Does Not Have a Direct Effect on CNS-1 Tumor Cells
To specifically address the mechanism of action of PPF in the rat model of GBM, we first sought to determine whether PPF has a direct effect on CNS-1 cells. We first examined whether the decreased tumor volume results from PPF-induced apoptosis. CNS-1 cells cultured in vitro were challenged with PPF treatment (1 -100 mM) and analyzed for increased apoptosis using Annexin V, a marker for early apoptosis. We found no evidence of enhanced early-stage apoptosis following PPF treatment using Annexin V and Propidium Iodide (marker for necrosis) staining at 24 h (Fig. 2A) . No changes were seen at 5 h, 7 h, and 12 h (data not shown). In addition, no evidence of enhanced apoptosis was observed through caspase-dependent poly(ADP-ribose) polymerase (PARP) cleavage at 12 h (Fig. 2B ), 5 h, and 24 h (data not shown). To further confirm that direct CNS-1 cell death did not occur as a result of PPF treatment, Hoechst staining was used to visualize condensed chromatin apoptosis. We observed no increase in condensing chromatin in the PPF-treated group at 5, 7, 12, and 24 h (data not shown), in concordance with the absence of apoptosis.
We then sought to determine whether PPF decreased tumor volume through inhibition of CNS-1 cell proliferation. CNS-1 cells were stained with CFSE dye and cultured in vitro, with proliferation observed after 1 day, 3 days (Fig. 2C) , and 5 days of treatment (data not shown for 3 and 5 days). Moreover, PPF was screened for proliferative and apoptotic effects against human tumor cell lines using the National Cancer Institute's in vitro cancer screen, NCI-60 DTP human cell line assay (PPF [94150], NSC:752424). These results demonstrated that PPF has no direct anticancer/proliferative effect on all 60 different human tumor cell lines tested (Supplementary material, Fig. S1 ).
Previous studies have demonstrated that PPF inhibits glial migration in response to ADP. 34 Consequently, we next sought to determine whether PPF inhibited GBM tumor cell migration. Although CNS-1 tumor cells demonstrated a strong migratory response to ADP, PPF did not inhibit tumor cell migration ( Fig. 2D and E) . Taken together, these results showed that PPF does not induce CNS-1 apoptosis, decrease CNS-1 proliferation, or inhibit CNS-1 cell migration. Our results support a novel mechanism of action in which PPF selectively targets the tumor microenvironment as opposed to directly acting on tumor cells.
Propentofylline Affects the CNS Microenvironment
To determine whether PPF requires the CNS tumor microenvironment for its in vivo actions in tumor growth, CNS-1 cell growth was determined in a non-CNS tumor environment. Rats were injected in the right flank with CNS-1 tumor cells (1 × 10 5 ), followed by daily intraperitoneal injection of PPF beginning the day of tumor implantation (Fig. 3) . Tumor volume was measured for 17 days, with no difference between PPF-treated and saline groups. These results show that PPF treatment has no effect on tumors engrafted in locations external from the CNS microenvironment. Furthermore, unlike the brain, these tumors spontaneously regressed in both PPF and saline groups after 2 weeks of growth (Fig. 3) . This is contrary to the original cell line, which demonstrated flank tumor growth without rejection, indicating a phenotypic drift in CNS-1 cell line over time. 28 These data demonstrate the importance of the tumor microenvironment for CNS tumor growth in vivo and indicate a role for PPF that is specific to the brain tumor microenvironment.
Propentofylline Decreases Microglia but not Macrophage Migration Toward Tumor Cells
Microglia and macrophages represent the predominant immune cells infiltrating gliomas. We next investigated PPF's actions on microglia in response to tumor cells. Microglia treated with PPF migrated toward CNS-1 cells at a lower rate (P , .05), compared with that of microglia treated with saline (Fig. 4A ). PPF at a concentration of 0.01 mM decreased microglial migration by 50% after 2 h of treatment. With strong inhibition seen in these lower physiological relevant doses, a higher (100 mM) treatment was not studied. During each experiment, cell viability was determined after PPF treatment by trypan blue staining and cell counting. PPF did not change the viability of microglia or macrophages, indicating that the strong inhibitory effects on migration were not a result of cell death. In contrast, PPF treatment with concentrations as high as 10 mM had no effect on peripheral macrophage migration toward CNS-1 cells (Fig. 4B) .
Propentofylline Decreases Tumor Invasion Only When Tumor Cells are Cocultured with Microglia
The ability of GBM tumors to invade through the extracellular matrix and migrate large distances is a primary cause of tumor recurrence and is supported by microglia and/or macrophages. 37 We next asked whether PPF treatment decreases the invasiveness of CNS-1 tumor cells in the presence of microglia or macrophages. After 2 h of incubation, CNS-1 cells alone migrated through the Matrigel layer and through the transwell membrane pores, demonstrating the highly invasive properties of this cell line (Fig. 5A) . CNS-1 cells cocultured with microglia or macrophages with no treatment increased or had no effect on invasion through the Matrigel layer toward CNS-1 supernatant, similar to what has been previously reported (Fig. 5A) . 11 A decrease in tumor cell invasion was observed only when CNS-1 tumor cells were cocultured with microglia, then treated with PPF for 2 h and migrated toward CNS-1 supernatant (Fig. 5A  and B) . At a concentration of 0.1 mM PPF, CNS-1 cell invasion is inhibited by 45% after 2 h of treatment in the presence of microglia (Fig. 5B ). This inhibition with PPF was not observed with tumor cells alone treated with PPF or when tumor cells were co-cultured with peripheral macrophages and treated with PPF, indicating a specific mechanism targeting microglia ( Fig. 5C and D) . 
Propentofylline Blocks MMP-9 Expression in Microglia
We sought to address the mechanism of action of PPF on microglia in vitro. We observed that CNS-1 tumor cells alone do not express MMP-9, whereas microglia display a low basal expression, compared with CNS-1 and microglial coculture. When CNS-1 tumor cells and microglia were cocultured, we observed an increase in MMP-9 expression, compared with expression of microglia alone (Fig. 6B ) (see Supplementary material, Fig. S2 for control gel). We determined that the increased MMP-9 expression in cocultures was from microglia in response to tumor cell stimulation (Fig. 6C) . MMP-9 expression increased when microglia were cultured with CNS-1 cell supernatant (Fig. 6B) . PPF treatment decreased MMP-9 expression in CNS-1 and microglia coculture (Fig. 6A ). PPF at a dosage of 0.1 mM reduced MMP-9 expression by more than 40% (Fig. 6A) . No MMP-9 expression was observed in macrophages cultured with CNS-1 cells. In addition, no MMP-9 was observed from CNS-1 tumor cells, as previously reported (data not shown). 38 
Propentofylline Blocks MMP-9 Expression in Microglia from Human Glioma Tissue
We next sought to determine whether PPF's effects were unique to the CNS-1 rat model or whether these mechanisms translate to human tumor cells. Cell culture from 3 human glioma WHO grade IV tissues, all positive for MMP-9 expression, demonstrated a significant (P , .05) decrease in MMP-9 expression following PPF treatment (Fig. 7A) . Furthermore, gelatin zymography confirmed a decrease in active MMP-9, whereas MMP-2 levels did not decrease (Fig. 7B) . To confirm that MMP-9 expression was mostly from infiltrated microglia into the tumor, immunocytochemistry was performed on the cell culture. MMP-9 expression was only identified in microglia (positive for CD11b, negative for GFAP) (Fig. 7C) . Some tumor cells expressed CD11b, but these cells did not express MMP-9, confirming that expression is from resident microglia and not tumor cells expressing microglial markers (Fig. 7C) .
PPF Decreases CNS-1 Tumor Volume of an Established Tumor Model
To test PPF in a more translational model, rats were injected with CNS-1 tumor cells and tumors were allowed to grow until they were measureable by MRI. At this point (day 8), rats were injected daily with 50 mg/kg PPF of saline. PPF-treated rats demonstrated a significant reduction in tumor volume, compared with saline rats by day 25 (Fig. 8 ).
Discussion
We demonstrate in these studies that PPF, a glial modulating agent with known anti-inflammatory actions, (1) decreases brain tumor growth in vivo, (2) targets microglia and not tumor cells, (3) decreases microglial migration toward tumor cells, (4) decreases tumor cell invasion by targeting microglia, and (5) decreases MMP-9 expression in microglia. In addition and very importantly, PPF does not act directly on tumor cells to induce apoptosis or necrosis and inhibit brain tumor growth. Thus, it is not a classic chemotherapeutic agent. As such, it is devoid of the inherent toxic adverse effects associated with these drugs.
Beginning in the late 1990s, a link was established between the number of infiltrating macrophages and microglia and tumor grade. 9 Presence of high numbers of CNS macrophages is a negative prognostic marker in a murine high-grade glioma model. 39 Recently, research in GBM has focused on identifying and understanding the proneoplastic versus antineoplastic actions of microglia and macrophages. 40 Postoperative glioma samples demonstrated that microglia and infiltrating macrophages are unable to activate T cells for an immune response. 41 Furthermore, N9 microglia exposed to GL261 glioma cells increased expression of inhibitory cytokines, such as IL-10. 42 In vivo work has also supported the role of the tumor microenvironment. After irradiation, CD11b-positive bone marrowderived cells infiltrate tumors and support tumor recurrence in a U251 mouse model. 43 It was recently demonstrated that glioma cancer stem cells induce the immunosuppressive phenotype in monocytes. 44 These data suggest that microglia and macrophages may play an important role in the high recurrent rates of GBM in humans. We present data that additionally supports microglia's role in promoting tumor growth. Our studies highlight how brain tumor cells interact with microglia, increasing MMP-9 expression and supporting tumor invasion. Furthermore, we demonstrate that targeting microglia and not the tumor cells is sufficient to inhibit tumor cell invasion. Although tumor cells have the ability to mutate and become resistant to therapies, benign glial cells may lack these mechanisms, supporting their role as a therapeutic target.
Our study reveals the important communication between tumor cells and microglia. PPF is able to decrease MMP-9 expression and activation in microglia/ tumor cell cocultures or microglia stimulated with tumor supernatant. We also demonstrate that this relationship does not occur with peripheral macrophages. Of importance, we used peritoneal macrophages for our comparative studies and not macrophages from the CNS tumor environment because of the challenges in separating this population. Our work may indicate that microglia play a more influential role in tumor growth and invasion than infiltrating macrophages, because PPF demonstrates specific actions on microglia in vitro. Our findings support the concept that microglia and macrophages possess very different functions even though they express similar surface and cytosolic expression markers. Of interest, a recent publication revealed that adult microglia derive from primitive myeloid progenitors before embryonic day 8, indicating that they are a distinct population from circulating monocytes found in the blood. 45 Accordingly, it has been demonstrated that dendritic cells, macrophages, and microglia under steady-state and inflammatory conditions exhibit differential responses. 46, 47 Human monocytes were discovered to have increased migratory responses to the chemokine CCL2 and decreased IL-12p70 production in response to sphingosine-1-phosphate analog (FTY720) treatment, compared with human microglia. 47 In addition, Schmid and colleagues recently discovered variable gene expression in several cytokines between resident microglia and peripheral macrophages in response to LPS. 48 Furthermore, Nakagawa and colleagues 24 observed differential expression of cell surface TNF in macrophages and microglia in a rodent GBM model. In line with our findings and of particular relevance for our study, it has been shown that the depletion of circulating macrophages, in the same CNS-1 glioma model used in our present study, does not have a significant impact on tumor growth. 30 Our results described here add to these data and support the need to further differentiate and investigate the contribution of microglia versus peripheral macrophages to brain tumor growth.
We confirmed that PPF does not induce CNS-1 cell necrosis or apoptosis. Our results are contrary to previous studies that demonstrate apoptosis through Hoechst staining and cellular pathways in the U-251 cell line following PPF treatment. 49 -51 PPF was administered in vitro up to 3 mM in these studies (0.1 mM -100 mM were used in our study), a concentration that is very high and beyond clinical relevance. Doses this high can produce toxic and off-target effects, possibly explaining the observed differences in our data.
There are some limitations in conducting these therapeutic studies in a glioma animal model. 52 The established CNS-1 glioma cell line in clonotypic animals does not display the extensive heterogeneity of highgrade gliomas in humans. To address some of the shortcomings of an animal model, we performed in vitro studies with human GBM tissue samples in which we observed similar effects using PPF (see Fig. 7) . Because of the challenges and difficulties of separating resident microglia and infiltrating macrophage populations in the CNS, we chose to initially perform our studies in vitro with cultured microglia and macrophages. This enabled adequate number of cells for experiments and identification of mechanisms in vitro. In the future, decreases in MMP-9 as a result of PPF treatment targeting microglia will need to be confirmed in vivo. We also are investigating the intracellular signaling that results in the downstream effect of decreased MMP-9 expression with PPF treatment. In the future, we plan to investigate PPF's effects on an established tumor.
Our study not only demonstrates and confirms the protumorigenic role of microglia in the CNS-1 rodent GBM model, but provides evidence that PPF may be a new drug therapy for human GBM that primarily targets microglia. Of most importance, PPF has been administered extensively in patients for different diseases, with minimal adverse effects. 21 This is crucial, because adverse effects are often the dose-limiting factor in effective cancer treatments that patients currently face. As a result of its low toxicity, PPF may be useful in combination with chemotherapies that target tumor cells or after surgical resection to decrease recurrence.
In summary, we present a possible new drug for GBM treatment that targets microglia, decreasing brain tumor growth in vivo, and further supports a different functional role of microglia and infiltrating macrophages in the tumor microenvironment.
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